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ABSTRACT
HOLOCENE FIRE HISTORY RECONSTRUCTION OF A
MID-ELEVATION MIXED-CONIFER FOREST IN THE
EASTERN CASCADES, WASHINGTON
by
Zoe Aziel Rushton
May 2019
Fire histories of mid-elevation mixed-conifer forests (MEMC) are uncommon,
particularly in the eastern Cascades of Washington. As a result, fire regimes and the
effects of 20th century fire suppression in these forests are not well understood. In the
summer of 2014 a 7.80 meter-long sediment core was extracted from Long Lake, located
approximately 45 km west of Yakima, WA, which exists in a grand fir-dominated mixedconifer forest. Fire activity for the Long Lake watershed was reconstructed using
macroscopic charcoal analysis and pollen analysis was used to reconstruct vegetation
change through time. Charcoal results show low fire activity in the early Holocene and
the first half of the middle Holocene. After ca. 6000 calendar years before present (cal yr
BP) fire activity was high until ca. 500 cal yr BP. Pollen analysis indicates a woodland
environment existed at the site in the early Holocene, with the modern coniferous forest
beginning to establish at ca. 6000 cal yr BP. Based on a comparison of the Long Lake
record to a high- and low-elevation fire history reconstruction, fire regimes in the Long
Lake watershed seem to be intermediate between high- and low-elevation regimes.
Similar to a high-elevation forest, the Long Lake record exhibits a general increase in fire
activity during the late Holocene and a decrease in fire activity at the onset of the Little
iii

Ice Age. Additionally, the Long Lake record shares similarities with a low-elevation
forest in that there is frequent fire during the late Holocene, and there is a fire suppression
signal beginning ca. 100 cal yr BP. Most importantly, the last ~500 years of the Long
Lake fire history reconstruction shows a clear departure from the established fire regime
during the previous ~5500 years. Fifty fire episodes occurred in the late Holocene, but
only a single fire episode was recorded after 500 cal yr BP (at ca. AD 1850). The Long
Lake fire record indicates that using fire management strategies designed for lowelevation forest may be appropriate for managing for resiliency in MEMC forests in the
eastern Cascades of Washington.
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CHAPTER I
INTRODUCTION
Problem
An understanding of trends in long-term fire activity in a variety of forest
environments is important for supporting current wildfire management strategies (Beaty
and Taylor, 2001; Everett at al., 2000; Johnston et al., 2017; Stine et al., 2014). This is
particularly true in the drier forests of the eastern Cascades Mountains of Oregon and
Washington, which have seen a dramatic rise in recent fire activity (Arno, 2000;
Heyerdahl et al., 2018). Historic fire regimes of low-elevation, ponderosa pine forests in
the Pacific Northwest have been extensively studied (Agee, 1993; Camp et al., 1997;
Everett et al., 2000; Hagmann et al., 2014; Haydon, 2018; Heyerdahl et al., 2002; Beaty
and Taylor, 2001; Buechling and Baker, 2004; Touchan et al., 1996; Walsh et al., 2018;
Wright and Agee, 2004). Fires in these forests were historically of low severity and high
frequency (Everett et al., 2000; Swetnam and Dieterich, 1985) with mean fire return
intervals (MFRIs) (i.e., the period between fire episodes) ranging between 3 to 38 years
(Agee 1994, 2003). Past trends in fire activity of high-elevation forests in the Cascades
dominated by fir species are also fairly well understood (Agee, 1994; Arno 1980; Little et
al., 1994; Hemstrom and Franklin, 1982; Walsh et al., 2015; Walsh et al., 2017). Fires
tend to be stand-replacing and much less frequent with MFRIs of 300-500 years
(Hemstrom and Franklin, 1982; Walsh et al., 2017). However, less research has focused
on the long-term role of fire in mid-elevation mixed-conifer (MEMC) forests in the
eastern Cascades (Beaty and Taylor, 2001; Parsons and DeBenedetti, 1979).
The assumption that mid-elevation forests have intermediate fire regimes, both in
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terms of severity and frequency, is understandable, but not necessarily correct (Agee,
1994). Mixed-conifer forest fire regimes can vary depending on the dominant moisture
levels, topography, and aspect of a site (Hessburg et al., 2007; Stine et al., 2014). Dry
mixed-conifer forests may experience low severity fires, while a moist mixed-conifer
forest with wetter conditions may see more variability in fire intensity and frequency, as
well as stand structure and age (Hessburg et al., 2007; Stine et al., 2014). While some
research has been conducted regarding the long-term role of fire in dry MEMC forests
(Bork 1984; Everett et al., 2000; Johnston et al., 2017; Marouka, 1994; Wright and Agee,
2004), little has been done in moist MEMC forests, particularly in the eastern Cascades
of Washington. Dendrochronology and fire scars are most often used to reconstruct past
fire history, but such studies provide relatively short records of only a few hundred years,
and do not record large, stand-replacing fires, which could have occurred in these forests
(Agee, 1993; Arno, 1980; Everett et al., 2000; Johnston et al., 2017; Touchan et al., 1996;
Wright and Agee, 2004).
Purpose
The purpose of this research is to provide a record of the long-term fire activity,
and related vegetation history, for a moist MEMC forest in the Long Lake Watershed
using macroscopic charcoal and pollen analyses of a lake sediment core. Long Lake is
located in the eastern Cascades of Washington State in the transition zone between lowelevation forests dominated by ponderosa pine (Pinus ponderosa) forests and highelevation subalpine fir (Abies lasiocarpa)- dominated forests. The goal of this research is
to fill a research gap for millennia-long fire and vegetation history records in mixedconifer forests in the eastern Cascades.
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The specific research questions for this study are:
1. How have the Long Lake fire and vegetation histories varied during the past
~9,900 years?
2. How have climate variability, and possibly human actions (particularly since
Euro-American settlement) influenced the fire and vegetation history of the Long
Lake watershed?
3. How does the Long Lake fire history compare to sites both at higher and lower
elevation in the eastern Cascades? Are the observed fire regimes for this MEMC
forest intermediate to those observed at higher and lower elevations?
4. Based on the Long Lake fire and vegetation history reconstructions, what
management recommendations can be made in order to help restore forest
resiliency?
Based on the research questions above, the objectives of this study are:
1. To reconstruct the Holocene fire and vegetation history of the Long Lake watershed
using macroscopic charcoal and pollen analysis of a lake sediment core.
A 7.80-meter long sediment core was collected from Long Lake in September
2014. Macroscopic charcoal and pollen analysis were used to reconstruct the fire
and vegetation histories for the last ~9,900 years. Five radiocarbon dates obtained
from macrofossils and the age of the Mount Mazama-O tephra was used to
construct an age-depth model for the core. CharAnalysis was used to determine
fire episodes, fire frequency and peak episode magnitude.
2. To analyze the fire and vegetation record of the Long Lake watershed within the
context of known climatic variations during the Holocene.
The Long Lake fire and vegetation reconstructions were interpreted within the
context of known climatic variations that have occurred during the Holocene,
caused by variables such as changes in summer insolation and El Niño Southern
Oscillation (ENSO) variability. Short time scale climatic changes such as the
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Medieval Climate Anomaly (MCA) and the Little Ice Age (LIA) and their impact
on the fire and vegetation records were also considered.
3. To compare the Long Lake fire history reconstruction to other published fire
reconstructions from the eastern Cascades, specifically one at both a higher and lower
elevation.
The Long Lake reconstruction was compared to the Pacific Northwest (PNW)
regional fire history reconstruction summary (Walsh et al., 2015). Additionally,
the Long Lake reconstruction was compared to the fire history reconstruction
from Sunrise Lake, a high-elevation site, for the past ~9900 years. Finally, the
Long Lake reconstruction was compared to the Fish Lake record, a low-elevation
site, as well as the Sunrise Lake reconstruction for the last 2,000 years.
4. To identify potential management strategies for moist MEMC forests based on the
Long Lake fire and vegetation history reconstructions.
Significance
Little research has been done on the role of fire in moist MEMC forests in the
PNW. Even less research has focused on fire in these forests in the eastern Cascades.
This research will help fill that gap. MEMC forests make up a large portion of publiclyowned forest in Washington State (Franklin and Dyrness, 1988; Stine et al., 2014; USFS,
1996). With climate change, and a legacy of fire suppression, these forests are more
vulnerable than ever before (Hagmann et al., 2014; Haugo et al., 2010; Mutch et al.,
1993). The relationship between forests, fire and climate is dynamic, making a thorough
understanding of fire regimes in all forest types essential for managing these forests for
long-term resiliency (Buechling and Baker, 2004; Everett et al., 1999; Hagmann et al.,
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2014, Haugo et al., 2010; Stine et al., 2014).
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CHAPTER II
LITERATURE REVIEW
Vegetation Zones of the Eastern Cascades
Low-Elevation Conifer Forests
The lowest elevation coniferous forests of the eastern Cascades are dominated by
ponderosa pine (Figure 1). These forests tend to occupy elevations ranging from
approximately 600 to 1200 m in Washington (Franklin and Dyrness, 1988). In the eastern
Cascades, ponderosa pine (Pinus ponderosa var. ponderosa) occupies a fringe between
the shrub-steppe ecozone and coniferous forests at higher elevations (Agee, 1994;
Franklin and Dyrness, 1988). This fringe occupies a wider area and increases in elevation
as it extends from the North Cascades in Washington south into Oregon. Ponderosa pine
forests also occur in the Okanogan Highlands in Washington, as well as the Blue
Mountains of southeastern Washington and northeastern Oregon. Quaking aspen
(Populus tremuloides) occurs in riparian areas within the ponderosa pine zone, and
Oregon white oak (Quercus garryana) groves can be found within this zone in southcentral Washington (Franklin and Dyrness, 1988). Other tree associations include
Douglas-fir (Pseudotsuga menziesii), grand fir (Abies grandis), western larch (Larix
occidentalis), and lodgepole pine (Pinus contorta). Common snowberry (Symphoricarpos
albus), mallow ninebark (Physocarpus malvaceus), Idaho fescue (Festuca idahoensis),
bluebunch wheatgrass (Pseudoroegneria spicata), needle-and-thread grass (Hesperostipa
comate), and bitterbrush (Purshia tridentate) are the primary plant associations for
ponderosa pine in the eastern Cascades of Washington (Daubenmire and Daubenmire,
1968; Franklin and Dyrness, 1988).
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Figure 1. Primary potential vegetation types in the eastern Cascades (Adapted
from Stine et al., 2014).

Ponderosa pine occupies the warmest and driest zone of the eastern Cascade
coniferous forests. It is fire resistant, with thick bark that protects the inner cambium
from low severity fires and high, open crowns that limit the likelihood of fire reaching the
tree tops and spreading to other trees (Agee, 1994; Fryer, 2018). Low branches are selfpruning, or be may pruned by low severity fire (Fryer, 2018; Parish et al., 1996).
The Douglas-fir forest zone also occurs at low elevations in the eastern Cascades
(Agee; 1994; Franklin and Dyrness, 1988; USFS, 1996). The Douglas-fir series reaches
its northern limits in British Columbia, and tends to be absent in the Cascades of Oregon,
though it is present in small areas of the Blue Mountains (Franklin and Dyrness, 1988).
Elevation of the Douglas-fir forests in the eastern Cascades of Washington range from
520-1620 m (Lillybridge et al., 1995). Many of the tree species that occur in the
ponderosa pine zone also occur in the Douglas-fir zone, including ponderosa pine,
lodgepole pine, western larch, Oregon white oak, quaking aspen, and western juniper
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(Juniperus occidentalis) (Franklin and Dyrness, 1988; USFS, 1996). Plant associations of
the Douglas-fir series include bitterbrush, shrubby penstemon (Penstemon fruticosus),
bluebunch wheatgrass, Idaho fescue, elk sedge (Carex geyeri), common snowberry, and
pinegrass (Calamagrostis rubescens) (USFS, 1996).
Douglas-fir forests in the eastern Cascades tend to occupy warm, dry sites, but
can tolerant slightly more mesic conditions than ponderosa pine (Lillybridge et al., 1995;
USFS, 1996). Douglas-fir is more shade-tolerant than ponderosa pine, and may replace
ponderosa pine in stands where fire has not excluded Douglas-fir seedlings (Franklin and
Dyrness, 1988). Douglas-fir seedlings are thin-barked and highly susceptible to fire
(USFS, 1996). Similar to ponderosa pine, large, mature Douglas-fir develop thick bark
that makes them highly resistant to low intensity fires (Agee, 1994; USFS, 2019).
However, Douglas-fir forms low branches with dense foliage that is highly flammable
(USFS, 2019). This makes crown fires a substantial risk in dense Douglas-fir stands, and
usually leads to high mortality rates (USFS, 2019).
High-Elevation Conifer Forests
In contrast, subalpine fir (Abies lasiocarpa) forests dominate the highest forested
zones in the eastern Cascades. These forests extend from approximately 1500 m at their
lowest elevation up to treeline and extends the entire length of the Cascade Range
(Franklin and Dyrness, 1988). Other tree species that occur alongside subalpine fir in the
eastern Cascades include Engelmann spruce (Picea engelmannii), western white pine
(Pinus monticola), Douglas-fir, grand fir, and western larch, with whitebark pine (Pinus
albicaulis), and subalpine larch (Larix lyallii) also occurring at the highest elevations
(Franklin and Dyrness, 1988). Plant associations in the subalpine fir zone in eastern
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Washington include Oregon boxleaf (Paxistima myrsinites), bear grass (Xerophyllum
tenax), false azalea (Menziesia ferruginea), grouseberry (Vaccinium scoparium), and
whitebark pine (Daubenmire and Daubenmire, 1968; Franklin and Dyrness, 1988). At its
highest elevation, this forest zone contains open alpine meadows (Franklin and Dyrness,
1988).
The subalpine fir zone receives the most precipitation of the forest zones in the
eastern Cascades, mainly as snow. Subalpine fir and other taxa that occur at high
elevations tend to be fire intolerant; they have thin bark and are slow growing, taking
long periods of time to regenerate after fire events (Agee, 1994; USFS, 2019). Crown
fires usually destroy a stand, as subalpine fir tend to grow in clusters and both the bark
and foliage are especially flammable (USFS, 2019).
Mid-Elevation Mixed-Conifer Forest
Mid-elevation mixed-conifer (MEMC) forests occupy the zone between the lowelevation ponderosa and Douglas-fir forests and the high-elevation subalpine fir forest in
the eastern Cascades. Grand fir dominates these mid-elevation forests, occupying the
most area of any mid-elevation forest type in the eastern Cascades of Washington and
Oregon (Franklin and Dyrness, 1988; Simpson, 2007). The grand fir zone ranges in
elevation from 1100 to 1500 m, and includes both dry and moist forest types (Franklin
and Dyrness, 1988; USFS, 1996). However, in the southern Cascades in Oregon, white fir
(Abies concolor) replaces grand fir (Agee, 1994; Simpson, 2007). Other tree species that
occur in this zone include white fir, ponderosa pine, western larch, western white pine,
lodgepole pine and Douglas-fir. (Agee, 1994; Franklin and Dyrness, 1988; Stine et al.,
2014). Ponderosa pine and Douglas-fir are often co-dominant with grand fir in this forest
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zone (Agee, 1994; Franklin and Dyrness, 1988; Lillybridge et al., 1995; Simpson, 2007).
Understory plant associations are pinemat manzanita (Arctostaphylos nevadensis),
oceanspray (Holodiscus discolor), pinegrass, lupine (Lupinus spp.), Cascade Oregon
grape (Berberis nervosa), snowberry, heartleaf arnica (Arnica cordifolia), and vanilla leaf
(Achlys triphylla) (USFS, 1996).
The climate of the grand fir zone is intermediate between the subalpine fir zone
and the ponderosa pine zone (Franklin and Dyrness, 1988), but most of the precipitation
occurs as snow (USFS, 1996). Because of the moderate temperatures and precipitation
levels, these forests are highly productive, making the dry mixed-conifer forests
especially prone to frequent fires (Agee, 1994; Johnston et al., 2017). When young, grand
fir has thin bark making seedlings susceptible to fires (USFS, 2019). Mature trees may
survive low intensity fires. Grand fir tends to form dense foliage, making it unlikely that
a tree will survive a crown fire (USFS, 2019).
Reconstructing Fire History
Fire History from Fire Scars and Stand-Age Reconstructions
In order to understand how current fire regimes vary from those in the past, fire
history must be reconstructed using one of several methods. Dendrochronology and the
identification of fire scars are common techniques used (Agee, 1994; Arno and AllisonBunnell, 2002; Wright and Agee, 2004). Surface and understory fires typically burn lowlying vegetation such as grasses and other herbaceous plants, larger shrubs, and young
seedlings and saplings of tree taxa. These fires do not reach the canopy of the forest, and
leave mature, more fire-resistant trees alive and intact (e.g. ponderosa pine) (Wright and
Agee, 2004). Fire histories that use this method, therefore, reconstruct the history of only
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low to moderate severity fires. Low severity fires, as described above, may burn portions
of mature trees, leaving a fire scar (Figure 2). This scar can typically be dated to the exact
year the fire occurred using dendrochronology. Studies that include multiple trees in a
stand exhibiting fire scars gives clues as to the size of a fire, while multiple fire scars in a
single tree indicate the fire frequency (Arno and Allison-Bunnell, 2002; Wright and
Agee, 2004).

Figure 2. Cross section of a fire-scarred tree (from Arno and Sneck, 1977).

Unfortunately, such studies provide relatively short records of fire history that are
typically decades to several centuries long. This method can be used to determine the
year that the fire occurred in a localized area, but requires trees with visible fire scars
11

(Agee, 1993; Buechling and Baker, 2004; Hemstrom and Franklin, 1982; Touchan et al.,
1996; Wright and Agee, 2004). In addition, this method may not record low intensity
fires that do not damage the tree (Agee, 1993; Beaty and Taylor, 2001; Bork, 1984;
Buechling and Baker, 2004).
Another method of fire history reconstructions is tree stand-age reconstruction.
Stand-age reconstructions rely on the assumption that a fire destroyed prior stands of
trees and that the current stand of even-aged trees began regeneration within a few years
of the fire that destroyed their predecessors (Hemstrom and Franklin, 1982). This method
relies on fires over a large area, which allows for an identifiable, even-age cohort of tree
regeneration (Hemstrom and Franklin, 1982). In stand-age reconstructions, only the most
recent fire is recorded (Conedera et al., 2009; Hemstrom and Franklin, 1982). Small fires
cannot be studied using this method as they do not produce an even-age stand of trees.
This also decreases the likelihood of other disturbances, such as avalanches or windfall,
from affecting the interpretation of this type of study (Hemstrom and Franklin, 1982).
Stand-age reconstructions use dendrochronology to determine the age of the stand
(Hemstrom and Franklin, 1982).
Fire History from Macroscopic Charcoal Analysis
Macroscopic charcoal analysis provides fire history reconstructions spanning
many millennia at the local to watershed scale (Conedera et al., 2009; Walsh et al., 2008;
Whitlock and Larsen, 2001). As vegetation burns, incompletely combusted vegetation
(i.e. charcoal) becomes airborne (Figure 3). Larger charcoal particles are deposited closer
to the fire, while smaller, lighter particles may be deposited several hundreds of
kilometers from their source (Whitlock and Larson, 2001; Whitlock and Bartlein, 2003).
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Small amounts of charcoal may also be deposited through primary and secondary surface
runoff (Conedera et al., 2009). Macroscopic charcoal studies typically examine charcoal
above 125 micrometers (µm), decreasing the likelihood that the particles came from
outside the study area (Whitlock and Bartlein, 2003). Some of this airborne charcoal will
be deposited in lakes, where it becomes part of the sediment layer on the lake bed.
Charcoal particles are also deposited by water and gravitational erosion processes for
several years after the fire that generated them (Whitlock and Bartlein, 2003). Because of
this continuous influx of secondary charcoal, charcoal “peaks” are identified above the
background charcoal levels. These peaks are interpreted as fire episodes (Higuera et al.,
2010; Long et al., 1998).

Figure 3. Charcoal lifecycle, from fire to sediment sample (modified from Conedera et
al., 2009).

13

Like any fire history reconstruction method, there are several uncertainties when
using macroscopic charcoal analysis. First, there is no way to determine the proximity or
severity of a recorded fire event; a low severity fire directly adjacent to the lake may
produce the same charcoal peak as a much larger fire that is several kilometers away
(Conedera et al., 2009; Whitlock and Bartlein, 2003). Additionally, this method cannot
pinpoint the year of a fire, but given that these records typically span thousands to tens of
thousands of years, the precise year of a fire is not particularly relevant. Erosion and
natural sediment mixing on the lake bed may also obscure the precise time of charcoal
deposition, however, careful site selection can limit the impact of this; a flat lakebed in an
area of gentle topography will likely have less erosional deposits than a lake in steep
terrain. Additionally, charcoal may come from the breakdown of larger charcoal particles
already deposited (reworking), or from burned material, such as logs, that have remained
on the landscape near the lake for a number of years may be an “artificial” source of
charcoal (Conedera et al., 2009). Lastly, because of the long timescales involved,
macroscopic charcoal analysis should typically be used in conjunction with pollen
analysis, which reconstructs vegetation change through time, to assist in interpreting the
results of a fire history reconstruction (Conedera et al., 2009; Whitlock and Bartlein,
2003). Almost all long-term fire history reconstructions from the PNW have employed
both macroscopic charcoal and pollen analysis, and the following research will use the
accepted protocols for these techniques (Faegri et al., 1989; Higuera et al., 2009; Walsh
et al., 2008).
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Controls on Fire Regimes in the Eastern Cascades and the Pacific Northwest
Fire Regimes
Fire is a common and important ecological process in the coniferous forests of the
eastern Cascade Range. Agee (1994, 1998) describes fire regimes as the pattern of fire on
the landscape, which is determined by factors such as fire frequency, intensity and area
burned. Additional factors also play an important role in determining fire regimes,
including fire seasonality and synergistic effects with other disturbances (Agee, 1994).
Fire regimes are generally described as low, moderate or high severity (Agee, 1993). A
low intensity surface (low severity) fire in a ponderosa pine forest will burn herbaceous
plants but leave mature pine trees with minimal damage (Bork, 1984). Large, high
intensity (severity) crown fires may destroy mature trees as well as the understory, and
regeneration may take several seasons. Frequent low severity fires discourage larger fires,
removing the understory and forest debris that would otherwise facilitate fire stairstepping to a canopy fire (Agee, 1993; Bork, 1984). Forested areas with less frequent
disturbance are more likely to have shade-tolerant taxa such as Tsuga heterophylla (Long
and Whitlock, 2002). Multiple studies have shown that changes in fire regimes,
especially through 20th century suppression practices, alters forest composition and
health, and increases the risk of large, stand-replacing fires (Agee, 1993; Bork, 1984;
Covington and Moore, 1994; Haugo et al., 2010). As a result, it is important to
understand what controls fire regimes in different forests and how those influences vary
through time.
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Weather and Climate
Many factors influence fire activity and regimes on both short and long
timescales. On the shortest timescales, fire activity is controlled by changes in synoptic
weather conditions such as ambient temperature, precipitation patterns, humidity, and
wind patterns (Whitlock and Bartlein, 2003). These conditions influence individual fires
through ignition (e.g., lightning strikes), fuel availability and flammability, fire behavior
(e.g., direction, area, as influenced by wind, topography), and fire season timing and
trends (Agee, 1994, Gedalof et al., 2005; Whitlock and Bartlein, 2003).
On slightly longer timescales, interannual (year-to-year) climate variability
influences fire activity by affecting alpine snowpack, soil moisture, and fine fuel
availability (Hessl et al., 2004). The most well understood of the mechanisms that cause
interannual variability in the PNW is ENSO, particularly in the interior PNW. In general,
El Niño years tend to cause warm, dry conditions with less alpine snowpack leading to
more large fires in subsequent years (Cayan et al., 1999; Hessl et al., 2004; Heyerdahl et
al., 2002; Johnston et al., 2017). During negative El Niño years (La Niña), fires tend to
occur less frequently, likely due to wetter conditions (Cayan et al., 1999; Johnston et al.,
2017).
However, sometimes there is a delay in the response of vegetation to climatic
factors (Agee, 1993; Elias, 2013). For example, Heyerdahl et al. (2002) determined that
larger fires in the interior PNW occurred in the fire season following El Niño years.
Additionally, Johnston et al. (2017) identified an increase in fire activity in ponderosa
pine forests in Oregon in warm, dry periods associated with El Niño as well, but also
determined that years with high fire activity followed wet years, presumably because the
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increase in forest productivity provided fine fuels for future fires. In many areas,
however, weather of the current year tends to have much more influence on the fire
regime of the current fire season than weather of preceding years (Heyerdahl et al.,
2002). This is especially true in areas that receive large amounts of snow, as the spring
melt increases moisture content of soil and forest biomass, reducing the likelihood of
early season fires (Heyerdahl et al., 2002).
On even longer timescales (centuries to millennia), climate, and its influence on
vegetation and available biomass, greatly influence fire activity (Bartlein and Whitlock,
2003; Walsh et al., 2008; Whitlock, 1992). While seasonal moisture is necessary for
adequate biomass to accumulate on the landscape to serve as fuel, climatic conditions
must be favorable (e.g., drought) for the forest biomass to burn (Johnston et al., 2017;
Walsh et al., 2015). The primary climatic variables influencing fire activity during the
post-glacial period in the PNW include changes in the amount of insolation (incoming
solar radiation), variations in atmospheric greenhouse gas concentrations, and the retreat
of the North American ice sheets (Bartlein et al., 1998; Agee, 1993; Long and Whitlock,
2002; Ryder et al., 1991; Walker and Pellatt, 2008; Walsh et al., 2008). For example,
about 18,000-12,000 years before present, at the end of the last glacial maximum,
climatic conditions were cool and dry and little burnable biomass existed on the
landscapes of the PNW, so fire activity was low (Gavin et al., 2013; Walsh et al., 2008).
However, as the regional climate shifted from cool and dry to the warm and dry
conditions of the early Holocene (ca. 12,000-8000 years before present), fire activity
increased sharply. This rise is largely attributed to an increase in summer insolation
(Bartlein et al., 1998) associated with Milankovitch cycles (Whitlock and Bartlein, 1993),
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leading to hotter, drier summers in the PNW, and an increase in burnable biomass (Walsh
et al., 2015). Centennial-scale changes in climatic conditions, such as those that occurred
during the Little Ice Age (Walker and Pellatt, 2008), which was marked by episodes of
glacial advance and retreat (Burbank, 1981; Coulthard et al., 2012; Osborn et al., 2012;
Ryder et al., 1991) seem to be the primary influence on fire activity during the past
several millennia (Marlon et al., 2012).
Human Use and Suppression of Fire
While less understood than the impacts of past climate variability on fire activity
and regimes in the PNW, human use of fire is no less important (Walsh et al., 2018). The
PNW has been occupied by humans for at least the last 14,600 years (Jenkens et al.,
2012) and humans have dwelled in the eastern Cascades for at least the last 8,000 years
(Uebelacker, 1980). Long before Euro-Americans arrived in the PNW, Native Americans
were using fire to manage their environment (Connelly, 2000; Burtchard, 1998). While
little specific evidence exists, it is generally understood from ethnographic research why
Native Americans would have used fire in the eastern Cascades, including the area near
Long Lake. Seasonally available resources at higher elevations were essential for long
term viability (Uebelacker, 1986). The Tieton River Valley provides access from the lowelevation areas of the Naches and Yakima Rivers to the mid- and high-elevation
resources such as springs, root crops, seasonal berries, camas, and other plant-based
resources (Uebelacker, 1986). The ridges in the area were likely used for transportation
and big game hunting (Uebelacker, 1986). Divide Ridge runs east-west just south of
Long Lake and is a known transportation corridor that connected to Cowlitz Pass, a
mountain pass across the Cascades (Uebelacker 1980, 1986). Fires would have aided in
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the extraction and growth of many of these important resources, and was used to keep
frequently used trails open for travel.
While surveying the Mount Rainier Forest Reserve (later, Mount Rainier National
Park), which included the Long Lake area, Plummer (1900) described the forest litter east
of the Cascade crest as “open”, while also describing the forests on the west side as so
overgrown that a traveler must stay to established trails, and could be expected to have to
climb over downed logs. Plummer also noted that in many of the forested areas of the
Mount Rainier Forest Reserve a fire of moderate severity would burn the forest litter,
while the mature trees remained standing. In more severe fires, and in forests with
substantial amounts of litter, fires tended to completely destroy all vegetation, including
mature trees. Over two thirds of the burned area that Plummer observed was west of the
Cascades, indicating that the fires east of the crest were either of low to moderate
severity, there was little forest litter so large stand-replacing fires were infrequent, or a
combination of fuel availability and fire severity. In addition, Plummer also documents
the use of fire by Native Americans for food cultivation and to drive game.
Plummer (1900) documented several ways in which Euro-American fire has been
used in the area. The grazing of sheep was especially prolific in the eastern Cascades
after Euro-Americans settled the area (Plummer, 1900; Uebelacker, 1986). Fires were set
to initiate the growth of grass for sheep grazing, and to make driving sheep through
forested areas easier (Plummer, 1900; Uebelacker, 1980). However, at the time of
writing, Plummer notes that the practice of setting fires had largely declined as the
herders did not want to risk losing their grazing permits by starting fires. Trees and forest
litter were sometimes burned to clear away the vegetation for mineral prospecting,
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though this seems to have been an infrequent practice. While mining did occur in this
region of the eastern Cascades, mining activities took place primarily north of the Long
Lake area near Bumping Lake and in Kittitas County (Uebelacker, 1986). Vegetation was
cleared with fire to make way for homesteads and agriculture. Fires were also known to
have been set by campers, both intentionally and unintentionally. Timber felling in the
Tieton River watershed was prolific at the turn of the century, with wood needed for the
irrigation infrastructure for the Yakima River Basin and its tributaries (Plummer 1900).
By the early 20th century, fire suppression was common practice in the eastern
Cascades, likely motivated to protect timber (USFS, 1996). Changes in forest
composition as a result of fire suppression has likely led to an increase in high severity
fires in dry forests in the west (Schoennagel and Waller, 1999). Currently, fire return
intervals in the managed forests of the eastern Cascades are determined by management
decisions (USFS, 1996) that are at odds with the “natural” fire regimes of the area. In
addition, modern human modifications to the landscape and fire regimes have also
changed where fires occur. Naturally occurring fires in the Long Lake area tended to be
lightning-ignited and concentrated on ridgetops (USFS, 1996). Fires in this area now tend
to ignite at lower elevations and in areas of frequent human use, such as campsites, along
roads, and near streams (USFS, 1996).
Fire History in the Eastern Cascades
Low-Elevation Fire Regimes
What is known about fire history in low-elevation eastern Cascade forests comes
primarily from dendrochronological studies. However, some longer-term charcoal-based
reconstructions exist. In general, it is believed that in much of the eastern Cascades,
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ponderosa pine and Douglas-fir forests were maintained by frequent, low severity fires
(Haugo et al., 2010; USFS, 1996; Wright and Agee, 2004). In both ponderosa pine and
Douglas-fir dry forest types, frequent fires excluded the growth of shrubs and seedlings,
resulting in park-like stands with large pines or Douglas-fir (Agee, 1994; Arno and
Allison-Bunnell, 2002; Lillybridge et al., 1995; USFS; 1996; Wright and Agee, 2004).
For example, Everett et al. (2000) calculated the MFRI for the Nile Creek watershed, a
subwatershed of the Naches, from 1860 through 1996 using dendrochronology. The
forest type for this study was dry ponderosa pine and Douglas-fir. They divided the time
period into the settlement period (AD 1860 – 1910) and suppression period (AD 19101996). When Euro-Americans first settled the Nile Creek area, fire was a relatively
common occurrence with a MFRI of 10.2 years, meaning on average, a fire occurred
approximately every 10 years in the subwatershed. Once fire suppression practices began,
the MFRI increased to 43 years.
Wright and Agee (2004) used fire scars to reconstruct the fire history of the
Teanaway River drainage for the last ~400 years and determined a MFRI of 18.8 years.
Large ponderosa pines are the dominant overstory in this area, indicating frequent, low
severity fires were the norm. This study included dry Douglas-fir and grand fir sites, as
well as moist grand fir and western hemlock sites. While fire frequency decreased in the
Teanaway area around AD 1900 when fire suppression began, climate conditions were
also wetter than was typical. This decrease in fire has led to greater numbers of Douglasfir, a species normally excluded from the area by frequent fires. The frequent fires prior
to suppression practices created a mosaic of understory and habitat types as it took
several years for enough debris and other fuels to build up.
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Using macroscopic charcoal analysis, Walsh et al. (2018) were able to determine
that fire was frequent and of low severity in the ponderosa pine forests of Fish Lake in
the Sinlahekin Wildlife Area during the past ~3800 years. Fire occurred regularly at Fish
Lake, with a MFRI of 6-9 years prior to Euro-American settlement in the valley
(Schellhaas et al., 2009). Several thousand years of high amounts of herbaceous charcoal
as well as consistently high amounts of arboreal pollen further indicate fires were
frequent and of low severity; changes in tree pollen abundance would indicate changes in
forest cover. Fire activity decreased sharply at Fish Lake at ca. AD 1850, and the
vegetation has since shifted to more shade-tolerant taxa, including Douglas-fir and grand
fir.
High-Elevation Fire Regimes
Stand-age reconstructions as well as macroscopic charcoal analysis have been
used to reconstruct the fire history of high-elevation Cascade forests (Hemstrom and
Franklin, 1982; Walsh et al., 2017). However, no high elevation fire reconstruction
studies have been conducted in the eastern Cascades of Washington. Several studies have
focused on Mount Rainier, some of which can be used as a proxy for eastern Cascade
studies. The eastern slopes of Mount Rainier receive less annual precipitation than the
rest of the mountain, creating a rainshadow effect that resembles climatic conditions east
of the Cascade crest (Walsh et al., 2017). Fire activity at high elevations is typically of
high severity and low frequency (Agee, 1994; Hemstrom and Franklin, 1982; USFS,
2019). Both Hemstrom and Franklin (1982) and Walsh et al. (2017) reported MFRIs in
the 300-400 year range for the subalpine forests of Mount Rainier National Park. Fuels
accumulate slowly in these forests, taking decades or centuries to provide enough
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biomass for a large fire to occur (Arno and Allison-Bunnell, 2002). In some cases, fires at
high elevation do not leave fire scarred trees, stumps, snags etc. that can be used for
dendrochronological fire reconstructions (Hemstrom and Franklin, 1982), making fire
records from these environments rare. High-elevation fires tend to be heavily influenced
by climatic conditions, especially drought, and local topography (Hemstrom and
Franklin, 1982). Additionally, forests on east- and north-facing aspects tend to burn less
frequently than west- or south-facing slopes, likely due to less solar insolation, which
creates a cooler, wetter microclimate (Arno and Allison-Bunnell, 2002; Hemstrom and
Franklin, 1982). Furthermore, forests protected by high ridges burn less frequently than
forests on more open slopes (Hemstrom and Franklin, 1982).
Mid-Elevation Fire Regimes
A number of studies have determined that low to moderate severity understory
fires were the norm in dry mixed-conifer forests east of the Cascade crest prior to
suppression practices (Agee, 1993; Heyerdahl et al., 2018; Wright and Agee, 2004).
However, these studies have focused almost exclusively on dry, mixed-conifer forests.
Dry mixed-conifer forests may have low severity fires, while a moist mixed-conifer
forest with wetter conditions may experience more variability in fire severity and
frequency, as well as stand structure and age (Hessburg et al., 2007; Stine et al., 2014). A
wetter forest may hinder frequent low severity fires, but these forests are highly
productive. Fuel accumulates so that following a particularly dry period, fire may be of
greater intensity in a moist forest than in a dry mixed-conifer forest with less fuel
accumulation (Agee, 1994; Bork, 1984).
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In dry MEMC forests, fires are typically frequent and of low severity (Arno,
1980; Beaty and Taylor, 2001; Heyerdahl et al., 2018; Johnston et al., 2017; Maruoka,
1994; Scheoennagel and Waller, 1999; Wright and Agee, 2004). Low severity fires
remove understory vegetation and seedlings of thin-barked tree species. After a crown
fire in a mixed-conifer forest dominated by grand fir, western larch and lodgepole pine
are often the first tree species to begin recolonizing the burned area; western larch has
lightweight seeds that are easily windborne and lodgepole pine has serotinous cones that
require fire for their cones to open before seeds can disperse (Agee, 1993). In drier grand
fir forests, ponderosa pine, and Douglas-fir are often present (Agee, 1993; Franklin and
Dyrness, 1988). Douglas-fir also occurs with grand fir on intermediate sites, and western
white pine is more abundant in wetter grand fir forests (Agee, 1993; Franklin and
Dyrness, 1988; USFS, 1996).
Several studies have created fire reconstructions for MEMC forests in Oregon.
These studies have focused on dry ponderosa pine, Douglas-fir, and grand fir forests
(Heyerdahl et al., 2018; Johnston et al., 2017; Maruoka, 1994). While these studies
demonstrate the complexity of MEMC forest fire regimes, none of these studies have
produced fire histories longer than a few centuries. Even fewer studies have reconstructed
fire histories in MEMC forests in the eastern Cascades (Everett et al., 2000; Wright and
Agee, 2004), and none have used macroscopic charcoal analysis.
Heyerdahl et al. (2018) reconstructed the fire history for a dry mixed-conifer
forest for the eastern Cascades and Ochoco Mountains in Oregon. This study focused on
fire severity in mixed-conifer forests comprised of ponderosa pine, Douglas-fir and grand
fir. The majority of fires in their study were low severity, with an occasional high
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severity fire. MFRIs for this study were 14-32 years. In addition, Heyerdahl et al.
reported that the single site in the eastern Cascades had a MFRI ~27 years, while the
three sites in the Ochoco Mountains had a MFRI of 18-22 years. Heyerdahl et al. attribute
this longer MFRI in the eastern Cascades site to a shorter fire season due to snowpack
persisting longer into the spring than at the Ochoco Mountains sites combined with
topography adjacent to the site that blocks fire from spreading. Additionally, the
vegetation at the eastern Cascades site was much shrubbier than the Ochoco sites,
possibly because of more frequent fire at the Ochoco locations.

Given the lack of long-term research available from these kinds of forests, the
following manuscript includes a fire history reconstruction of a moist mid-elevation
mixed-conifer forest in the eastern Cascades of Washington.
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CHAPTER III
MANUSCRIPT
The following manuscript will be submitted to the peer-reviewed journal The
Holocene. Due to the peer-review process, the manuscript included in this thesis may
differ from the final published version.
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Abstract
Fire histories of mid-elevation mixed-conifer (MEMC) forests are uncommon,
particularly in the eastern Cascades of Washington. As a result, Holocene fire regimes
and the effects of 20th century fire suppression in these forests are not well understood. In
the summer of 2014 a 7.80 meter-long sediment core was extracted from Long Lake,
located approximately 45 km west of Yakima, WA, which exists in a grand fir-dominated
mixed-conifer forest. Fire activity for the Long Lake watershed was reconstructed using
macroscopic charcoal analysis and pollen analysis was used to reconstruct vegetation
change through time. Charcoal results show low fire activity in the early Holocene and
the first half of the middle Holocene. After ca. 6000 calendar years before present (cal yr
BP) fire activity was high until ca. 500 cal yr BP. Pollen analysis indicates a woodland
environment existed at the site in the early Holocene, with the modern coniferous forest
beginning to establish at ca. 6000 cal yr BP. Based on a comparison to a high- and lowelevation fire history reconstruction, fire regimes at Long Lake watershed seem to be
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intermediate between high- and low-elevation regimes. Similar to a high-elevation forest,
the Long Lake record exhibits a general increase in fire activity during the late Holocene
and a decrease in fire activity at the onset of the Little Ice Age. Additionally, the Long
Lake record shares similarities with a low-elevation forest in that there is frequent fire
during the late Holocene, and there is a fire suppression signal beginning ca. 100 cal yr
BP.
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Introduction
An understanding of trends in long-term fire activity in a variety of forest
environments is important for supporting current wildfire management strategies (Beaty
and Taylor, 2001; Everett at al., 2000; Johnston et al., 2017; Stine et al., 2014). This is
particularly true in the dry forests of the eastern Cascades Mountains of Oregon and
Washington, which have seen a dramatic rise in recent fire activity (Arno, 2000;
Heyerdahl et al., 2018). Historic fire regimes of fuel-limited low-elevation ponderosa
pine forests in the Pacific Northwest have been extensively studied (Agee, 1993; Beaty
and Taylor, 2001; Buechling and Baker, 2004; Camp et al., 1997; Everett et al., 2000;
Hagmann et al., 2014; Haydon, 2018; Heyerdahl et al., 2002; Johnston et al., 2017;
Touchan et al., 1996; Walsh et al., 2018; Wright and Agee, 2004). Fires in these forests
were historically of low severity and high frequency (Everett et al., 2000; Swetnam and
Dieterich, 1985) with mean fire return intervals (MFRIs), the period between fire
episodes, ranging between 3 to 38 years (Agee 1994, 2003). Past trends in fire activity of
climate-limited high elevation forests in the Cascades dominated by fir and other
subalpine species are also fairly well understood (Agee, 1994; Arno 1980; Little et al.,
1994; Hemstrom and Franklin, 1982; Walsh et al., 2015; Walsh et al., 2017). Fires here
tend to be stand-replacing and much less frequent with MFRIs of 300-500 years
(Hemstrom and Franklin, 1982; Walsh et al., 2017). However, less research has focused
on the long-term role of fire in mid-elevation mixed-conifer (MEMC) forests in the
eastern Cascades (Beaty and Taylor, 2001; Parsons and DeBenedetti, 1979).
The assumption that mid-elevation forests have intermediate fire regimes, both in
terms of severity and frequency, is understandable, but not necessarily correct (Agee,
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1994). Mixed-conifer forest fire regimes can vary depending on moisture levels,
topography, and aspect of a site (Hessburg et al., 2007; Stine et al., 2014). Dry mixedconifer forests may experience low severity fires, while a moist mixed-conifer forest with
wetter conditions may see more variability in fire severity and frequency, as well as stand
structure and age (Hessburg et al., 2007; Stine et al., 2014). While some research has
been conducted regarding the long-term role of fire in dry MEMC forests (Bork 1984;
Everett et al., 2000; Johnston et al., 2017; Marouka, 1994; Wright and Agee, 2004), little
has been done in moist MEMC forests, particularly in the eastern Cascades of
Washington. Dendrochronology and fire scars are most commonly used to reconstruct
fire history, but such studies provide relatively short records of only a few hundred years,
and do not record large, stand-replacing fires, which are known to occur in these forests
(Agee, 1993; Arno, 1980; Everett et al., 2000; Johnston et al., 2017; Touchan et al., 1996;
Wright and Agee, 2004).
The purpose of this research was to develop a long-term record of fire activity for
one study site in a moist MEMC forest in the eastern Cascades of Washington. The
specific objectives of this research were to: (1) reconstruct the fire and vegetation history
of the Long Lake watershed for the past ~9,800 years using macroscopic charcoal and
pollen analysis of a lake sediment core, (2) assess the record within the context of known
climatic variations during the Holocene, and (3) compare the Long Lake fire history
reconstruction to other published fire history reconstructions from the eastern Cascades.
Sites from both higher (Sunrise Lake on the eastern flank of Mount Rainer; Walsh et al.
2017) and lower (Fish Lake in the Sinlahekin Wildlife Area in north-central Washington;
Walsh et al., 2018) elevations were used to determine if the fire regime at Long Lake is
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indeed intermediate in terms of fire severity and frequency. The Long Lake
reconstruction was also compared to the Pacific Northwest (PNW) regional fire history
reconstruction summary, which includes primarily sites west of the crest of the Cascades
(Walsh et al., 2015). Given the large spatial extent of MEMC forests in the eastern
Cascades, and in light of current and future climate change, a thorough understanding of
fire regimes at this site and others like it is essential for managing these forests for longterm resiliency (Buechling and Baker, 2004; Everett et al., 1999; Hagmann et al., 2014,
Haugo et al., 2010; Stine et al., 2014).
Setting
Study Area
Long Lake (46°37.336’N, 121°03.872’W, 1321 meters a.s.l.) is located in the
southern portion of the Okanogan-Wenatchee National Forest in the eastern Cascades of
Washington State, approximately 5 km southeast of Rimrock Reservoir and 45 km west
of the city of Yakima (Figure 1). The vegetation of the eastern Cascades is characterized
by several different mixed-conifer forests (USFS, 1996). Long Lake exists in the midelevation grand fir (Abies grandis) transition zone between high-elevation subalpine fir
(Abies lasiocarpa) and lower elevation ponderosa pine (Pinus ponderosa) forests. The
grand fir series makes up more than one third of the forest plant series types in this
watershed (USFS, 1996). At higher elevations, subalpine fir, Pacific silver fir (Abies
amabilis), and western hemlock (Tsuga heterophylla) occur. At lower elevations,
dominant tree species include ponderosa pine, Oregon white oak (Quercus garryana),
Douglas-fir (Pseudotsuga menziesii), and grand fir.
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Figure 1. Map of the Long Lake study site and the Sunrise Lake and Fish Lake sites. Inset
map (upper right) shows the locations of other study sites mentioned. Inset map (lower
left) is an aerial photo from USGS, 2016.
The topography near the site is mountainous, with Long Lake occupying a
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hummocky area formed from mass-wasting with a northwest aspect below Divide Ridge.
The surface geology is debris flow and landslide material (Uebelacker, 1980; USFS,
1996), adjacent to Pliocene-Pleistocene age Grande Ronde basalt to the south and east
(DNR, 1987). There are pockets of glacial till adjacent to the eastern extent of Rimrock
Reservoir, indicating the area around Long Lake may have been glaciated during the
Pleistocene (Uebelacker, 1980; USFS, 1996). As this area is in the rainshadow of the
Cascades, it experiences a continental climate with marine influences with most
precipitation occurring in winter (WRCC, 2019).The January minimum temperature for
Long Lake is -4.61˚C, and the maximum July temperature is 22.44˚C (PRISM, 2019).
The area receives a mean of 888 mm of precipitation annually, with over half falling as
snow December-January (PRISM, 2019; WRCC, 2019). At the site, grand fir is the
dominant tree species, with ponderosa pine, western white pine (Pinus monticola), and
Douglas-fir making up a smaller portion of the forest overstory. The understory is
comprised of Sitka alder (Alnus viridis), willow (Salix spp.), elderberry (Sambucus spp.),
snowbrush (Ceanothus spp.), snowberry (Symphoricarpos albus), Cascade grape
(Mahonia aquifolium), kinnikinnick (Arctostaphylos uva-ursi), mint (Menthe spp.), wild
strawberry (Fragaria virginiana), grasses, sedges, and other herbaceous plants commonly
found in the eastern Cascades of Washington.
The surface area of Long Lake is approximately 20,000 square meters (275 m
north-south by 75 m east-west) with a depth of approximately 1.5 m. Long Lake is in the
Middle Tieton River subwatershed, which is within the Yakima River Basin. Long Lake
has no outlets, and seeps at the south end of the lake are the primary water source (along
with snow melt). The lake contains fish, likely trout, and the Long Lake area also

33

provides foraging for mushrooms and berries, including huckleberry (Vaccinium spp.). In
the mid-19th century, grazing sheep and timber extraction were common the Tieton
watershed (USFS, 1996). Today this area is heavily used for recreation, with a Civilian
Conservation Corps recreational shelter (Long Lake Trailhead Shelter) built at the north
end of Long Lake in the 1930s. Limited camping is available at the lake, with access to
several non-motorized trails.
Methods
In the summer of 2014 a sediment core was taken at a water depth of 1.5 m from
the center of Long Lake using a Livingston piston corer lowered from a floating anchored
platform (Wright et al., 1984). Each drive of the long core (LOL14B) was individually
wrapped in plastic wrap and aluminum foil and placed in a pre-cut PVC tube for transport
to the Paleoecology lab at Central Washington University. The sediment-water interface
and most recent sediments were recovered using a Bolivia coring device and subsampled
in the field at 1-cm intervals (LOL14A). Both cores were kept under refrigeration until
sampling occurred.
In the Central Washington University Paleoecology lab, core LOL14B was split
longitudinally. Half of the split core was sampled for charcoal, loss-on-ignition (LOI),
and pollen analysis. Several macrofossils (twigs, wood, needles, etc.) found in core
LOL14B were removed and cleaned, five of which were sent to DirectAMS in Bothell,
WA, for radiocarbon dating. The calibrated ages of the dates (Table 1) along with the
accepted age of the Mazama-O tephra (Zdanowicz, 1999) were used to create an agedepth model for the core, which was developed using a constrained cubic smoothing
spline (Telford et al., 2004). Radiocarbon ages were converted to calibrated years before
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present (present = AD 1950; cal yr BP) using CALIB ver. 7.1 (Stuiver et al., 2019).
Median ages were chosen if they did not fall in a trough on the probability distribution
function. If they did, the age of the highest adjacent peak was used (rounded to the
nearest decade). Tephra from Mt. St. Helens-W eruption (MSH-W, 470 cal yr BP;
Mullineaux, 1986) was not used to construct the age model, but was used to verify the
accuracy of the top portion of the age model. One cubic centimeter samples were taken
every 5 cm for LOI analysis and followed protocol outlined in Heiri et al. (2001).
Additionally, a Sapphire Instruments 5- cm magnetic susceptibility ring sensor was used
to determine the magnetic susceptibility (MS) of the intact half of core LOL14B at 1-cm
intervals in order to identify tephra and erosional deposits.
Macroscopic charcoal analysis techniques followed Whitlock and Larsen (2001)
as modified by Walsh et al. (2008). Samples of 1 cc were taken at contiguous 1-cm
intervals using a modified syringe and placed in plastic vials. Approximately 10 mL of
5% sodium metaphosphate (a deflocculant) was added and allowed to soak for >24 hours.
Approximately 5 mL of commercial bleach was then added and allowed to sit for 1-3
hours, or until the material was thoroughly bleached. Each sample was then rinsed
through nested sedimentological sieves of 250 and 125 µm in order to isolate only the
charcoal that comes from a local source, since particles smaller than 125 µm may
originate from a non-local source (Whitlock and Millspaugh, 1996). Total number of
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charcoal particles for each sample was tallied under a stereomicroscope at 10-40X
magnification. Charcoal was separated visually following descriptions in Walsh et al.
(2008, 2010, 2018) in order to infer fuel type and fire severity. Charcoal that was flat
with visible stomatal openings was tallied as herbaceous while all remaining charcoal
was considered as coming from woody fuel sources. Core LOL14A was also sampled at
1-cm intervals for charcoal analysis and charcoal concentrations were calculated.
The program CharAnalysis was used to analyze the charcoal data and reconstruct
the fire history (Higuera et al., 2010). CharAnalysis determines the charcoal
accumulation rate (CHAR; particles/cm2/yr), fire episode magnitude (particles/peak), and
fire frequency (episodes/1000 yr) for the record. The program first interpolated the
charcoal concentration data to a constant time step with a median sample resolution of 13
years. The non log-transformed charcoal influx data were then smoothed using a Lowess
function robust to outliers. This decomposes charcoal data into background and peaks
components; peaks were identified using charcoal residuals with a locally defined
threshold. Background smoothing windows widths were tested between 200 and 1000
years, but a window width of 600 years was eventually selected for the final analysis.
This was used because the analysis produced a global signal-to-noise index (5.5) that was
above the cutoff value of 3 (Kelly et al., 2011) and because it maximized the fire signal.
Charcoal peaks with <5% chance of coming from the same Poisson distribution within 75
years were eliminated from the analysis.
Pollen samples were taken at 20-cm intervals, with additional samples taken 2-cm
above and below the Mazama tephra layer for a total of 40 pollen samples. Samples were
processed using standard techniques outlined in Faegri et al. (1989). At least 300 pollen
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grains were counted per sample to determine the percent abundance of each taxa, and
pollen grains were identified to the lowest taxonomic level possible (except where notedsee below) using published atlases and the Central Washington University pollen
reference collection. Pollen percentages for most taxa were calculated using the total
terrestrial pollen sum. Pinus pollen not identified as either yellow pine (subgenus Pinus)
or white pine (subgenus Strobus) was counted as Pinus undifferentiated (undiff.). Pollen
identified as Spirea, Holodiscus, and Rosaceae were grouped together as Rosaceae
undiff. Pollen identified as Senecio-type, Helianthus-type, and Agoseris-type were
grouped together as Asteraceae. Pollen identified as Lysichiton americanus was not
included in the total terrestrial pollen sum because of its high abundance in multiple
levels. Percentages of Lysichiton, aquatic, and semi-aquatic taxa were calculated using
the total pollen sum.
Results and Interpretation
LOL14C Chronology and Lithology
Eighty-four cm of sediment was recovered in LOL14A (short core) and 775 cm in
LOL14B (long core). Approximately 72 cm of sediment overlapped between cores
LOL14A and LOL14B, which was determined based on the presence of the MSH-W
tephra in both (470 yr BP; Mullineaux 1986; Walsh et al., 2018). As a result, 12 cm from
the top of LOL14A was added to the top of LOL14B to create one continuous record,
hereafter referred to as LOL14C. The total length of core LOL14C was 780 cm with the
Mazama tephra removed. The age-depth model determined a basal date of 9870 cal yr BP
for core LOL14C with a median resolution of 12.9 years per sample. Sedimentation rate
was slower during the early Holocene (ca. 9870-8000 cal yr BP) than during the rest of
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the record with a mean of 0.031 cm/yr (Figure 2A). During the middle Holocene (ca.
8000-4000 cal yr BP), sedimentation rate increased to a mean of 0.073 cm/yr. It then
continued to increase to 0.110 cm/yr by the beginning of the late Holocene (ca. 4000 cal
yr BP- -64 cal yr BP [present]) and remained generally steady for the rest of the period
(mean of 0.118 cm/yr).
The lithology of the LOL14C core was primarily black to very dark brown fine
gyttja with several known and unknown tephra layers spread throughout the length of the
record. Below the Mazama tephra, found at a depth of 710 cm, the sediment was peaty
gyttja with fine rootlets and larger macrofossils embedded in the sediment. Just above
Mazama, a band of eroded material (sand) occurred mixed in with the gyttja from a depth
of 702-693 cm (ca. 7460 to 7250 cal yr BP). Above that the sediment alternated between
gyttja, clayey gyttja, and peaty gyttja until 550 cm (ca. 4800 cal yr BP). The remainder of
the sediment was fine dark brown gyttja with some thin laminations.
Mean total charcoal concentrations in the LOL14C core were generally similar in
the early, middle and late Holocene (Figure 2B; Table 2). Total charcoal concentrations
were lowest in the early middle Holocene (ca. 8000-6000 cal yr BP), particularly in the
~500 years following the deposition of the Mazama tephra (0.65 particles/cm2 mean.),
and highest in the late middle Holocene (ca. 6000-4000 cal yr BP). There was also
considerably more “peakiness” in the record after ca. 6000 cal yr BP. Total charcoal
concentrations were again low after 500 cal yr BP (2.06 particles/cm2 mean.), particularly
after 200 cal yr BP (1.43 particles/cm2 mean.). Herbaceous charcoal concentrations were
lowest in the early Holocene and the early middle Holocene, but increased after ca. 6000
cal yr BP and remained at their highest levels during much of the late Holocene.
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Figure 2. (A) Age-depth model, (B) charcoal concentration (particles/cm3, total concentration = black curve, herbaceous concentration
= green curve), (C) loss-on-ignition (% organics), (D) magnetic susceptibility (electromagnetic units) plotted against age (cal yr BP)
for the LOL14C record. Note: Mt. Rainer-C and Mt. St. Helens-Yn tephra layers were not visually discernable in the core and were
only identified using peaks in magnetic susceptibility.
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Organic content was below 50% for most of the record. However, values
exceeded 50% below the Mazama tephra (Figure 2C). Coincident with, and in the ~1000
years following the deposition of the Mazama tephra, organic values were generally low,
but increased after that. Values were somewhat variable throughout the remainder of the
middle Holocene, but were generally between 15-35%. Values were also somewhat
variable in the late Holocene, but after ca. 3500 cal yr BP they exceeded 25% and
remained between ~25-50% until present day, except for a small decrease during the last
~200 years. Percent carbonate values for LOL14C were very low and exhibited little
variation throughout the length of the record (not shown).
MS values were generally low for the LOL14C record, but included a number of
higher values that coincided temporally with both identified and unknown tephra layers
(Figure 2D). A large spike in MS values occurred at ca. 7630 cal yr BP, which was
visually identified as the Mazama-O tephra. A much larger spike in MS occurred after
Mazama (ca. 7100 cal yr BP), which was identified as sand mixed with tephra, and can
likely be attributed to erosional processes depositing material into the lake.
CharAnalysis and Pollen
Early Holocene (9870 – 8000 Cal Yr BP)
Fire activity was low in the early Holocene as compared to the rest of the Long
Lake record (Figure 3). Charcoal influx (CHAR), fire frequency, number of fire episodes,
and peak episode magnitude were all lower during this period than in any other (Table 2).
CHAR values varied only slightly during the period, but were highest near ca. 8400 cal yr
BP. Mean fire frequency was at or below 4 fire episodes/1000 yr during the early
Holocene and varied little (Figure 3C/D). Only six episodes were identified by
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Figure 3. CharAnalysis results showing (A) signal-to-noise index (SNI), (B) peak episode
magnitude (particles/episode), (C) fire frequency (fire episodes/1000 years), (D) fire
episodes, (E) charcoal influx (CHAR, particles/cm2/year) and background charcoal (red
line) plotted against age (cal yr BP) for the LOL14C record. The time periods associated
with the Medieval Climate Anomaly (MCA; 1100-700 cal yr BP) and Little Ice Age
(LIA; 500-100 cal yr BP) are shown by the vertical orange and purple bars, respectively.
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CharAnalysis, which means that on average a fire episode occurred every ~300 years.
Tree pollen, both coniferous and deciduous, comprised 51% of the total during the
early Holocene (Figure 4). Together, trees and shrubs made up a mean of 57% of the total
(Figure 5D). Pinus undiff. was at its lowest level during this period with a mean of 14%
of the total terrestrial sum, but increased towards the end of the early Holocene. Abies
also increased at the same time. Alnus was the dominant taxa during this period (26%
mean.), but began to decrease in abundance after ca. 8700 cal yr BP. Other deciduous tree
taxa (Salix, Betula, Populus, Quercus, and Sambucus) were low in abundance during this
period. With a mean of 5%, shrubs, including Artemisia, Rosaceae undiff., and
Ceanothus, were most abundant during this period, but decreased toward the end of the
early Holocene along with Alnus, Poaceae, Cyperaceae and other herbaceous plants
(Heracleum, Amaranthaceae, and Asteraceae). Ferns such as Pteridium aquilinum-type,
Dryopteris-type, and Cystopteris-type were more common during this period than any
other (4% mean), particularly Pteridium aquilinum-type at the beginning of the record
and Dryopteris-type toward the end of the early Holocene. Lysichiton americanus, a
semi-aquatic plant, first appeared in the pollen record at the end of the early Holocene.
Aquatic percentages were generally low in this period.
Middle Holocene (8000 – 4000 Cal yr BP)
Fire activity changed little from the end of the early Holocene to the beginning of
the middle Holocene (Figure 3). CHAR values decreased initially between ca. 8000-6800
cal yr BP to near zero, but then increased dramatically during the next thousand years.
Fire episodes remained infrequent in the Long Lake watershed until after ca. 6000 cal yr
BP, when they became much more common, and of greater peak episode magnitude
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Figure 4. Pollen percentage diagram of select taxa for the LOL14C record. The grey curve behind some of the taxa is a 3X
exaggeration to aid with visualization. Curves are colored by group; coniferous trees are represented in dark green, deciduous trees are
in light green, shrubs are in peach, herbs are in light purple, ferns are in maroon, and aquatics & semi-aquatics are in dark blue. Below
the graph are select pollen grains from the LOL14C core (not to scale), from left to right: Abies, Arceuthobium, Alnus, Quercus,
Heracleum, Athyrium-type, and Lysichiton.
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(Table 2). Mean CHAR values more than doubled after this time in comparison to the
early Holocene and first half of the middle Holocene. The largest peak episode magnitude
of the record occurred at ca. 5800 cal yr BP, beginning several millennia of fire episodes
with much higher CHAR values than previously observed in the record. Only seven of
the 27 identified fire episodes occurred before ca. 6000 cal yr BP, and after that time, fire
episodes occurred on average every ~100 years as compared to every ~285 years during
the previous two millennia.
Conifer pollen generally increased during the middle Holocene, including Pinus
undiff. (subgenus P. ponderosa), Pseudotsuga/Larix-type, and Abies, particularly after
the deposition of the Mazama tephra. Most of these taxa then decreased in abundance
after ca. 7500 cal yr BP, but remained co-dominant during the period. Arceuthobium
(dwarf mistletoe), first appeared in the record during this period and became more
common toward the end of the middle Holocene at the same time as Tsuga heterophylla,
Cupressaceae, and Picea increased in abundance ca. 6000 cal yr BP. Alnus was also
abundant during the middle Holocene, but was lowest immediately following the
Mazama tephra and at ca. 5000 cal yr BP, with higher values before and after. Other
deciduous trees and shrubs were low in abundance at the beginning of this period, but
increased toward the end of the middle Holocene. Salix was at its greatest abundance
(~6%) near the end of this period, with an increase beginning at ca. 5300 cal yr BP, and
Artemisia increased after ca. 6000 cal yr BP followed later by Betula, Populus,
Sambucus, and Ceanothus.
Most herbaceous taxa were low in abundance during the middle Holocene, with
the exception of Poaceae, which was more abundant at this time than in any other period,
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peaking at ~23% at ca. 5100 cal yr BP. Fern abundance was variable during the middle
Holocene, with higher Pteridium aquilinum-type and Dryopteris-type abundance at the
beginning of the middle Holocene, and higher Athyrium-type after ca. 5500 cal yr BP.
Lysichiton americanus peaked in abundance at ca. 7500 cal yr BP and again at ca. 6300
cal yr BP (1000+ grains were counted in multiple levels), before disappearing from the
record completely at ca. 5200 cal yr BP. While still low in numbers, aquatics and semiaquatics were most abundant during the middle Holocene, primarily because of the high
numbers of Lysichiton.
Late Holocene (4000 Cal Yr BP – Present)
As seen in the latter half of the middle Holocene, frequent fire episodes continued
to occur throughout the late Holocene (Figure 3). Fire frequency, which began increasing
after ca. 6000 cal yr BP, continued to increase to over 16 episodes/1000 yr at ca. 2800 cal
yr BP. It then decreased throughout the remainder of the late Holocene to near zero at
present. CharAnalysis identified 50 fire episodes during this period, with a fire episode
occurring on average every ~80 years. However, mean peak magnitude decreased to
nearly half of what it was during the second half of the middle Holocene (Table 2). Fire
episodes remained frequent during the years associated with the Medieval Climate
Anomaly (MCA; 1100 to 700 cal yr BP) with four fire episodes occurring. No fire
episodes occurred during the years associated with the Little Ice Age (LIA; ca. 500-100
cal yr BP). Only one fire episode occurred in the last 500 years in the Long Lake
watershed, shortly after the end of the LIA (ca. 100 cal yr BP).
Tree pollen was at its highest abundance during the late Holocene, with a mean of
79% (Figure 4). Both Pinus undiff. and Alnus dominated at various times during this
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period, seeming to alternate in abundance every ~1000 years. Conifers remained fairly
consistent in abundance, with a slight increase during the last several hundred years of
the record (Pinus undiff., Abies, Tsuga heterophylla, Cupressaceae). Pinus undiff..
reached its lowest abundance since the early Holocene at ca. 2100 cal yr BP (~19%.)
Pinus undiff. was also at its highest abundance during this period, comprising 50% or
more of the record several times (ca. 3800-3600, 2000, and 1200 cal yr BP).
Additionally, Alnus remained high during this period, reaching its highest abundance of
~64% at ca. 1600 cal yr BP. Deciduous trees, such as Salix, Betula, and Populus
decreased in abundance from the beginning to the end of the late Holocene; however,
Quercus and Sambucus were most abundant during this period.
Shrubs remained at a fairly stable level during this period, particularly Artemisia;
however, Rosaceae undiff. and Ceanothus exhibited a slight decrease from the beginning
to the end of the late Holocene (Figure 4). Herbaceous taxa were least abundant during
the late Holocene as compared to the rest of the record. Poaceae abundance remained
fairly stable in the late Holocene, with a small increase at ca. 2150 cal yr BP. Heracleum
exhibiting small increases between ca. 3000-1100 cal yr BP and Amaranthaceae
increased slightly beginning ca. 2250 cal yr BP. Dryopteris-type and Athyrium-type both
exhibit slightly higher abundances between ca. 3300-1500 cal yr BP, while Cystopteristype and Pteridium aquilinum-type maintained low numbers throughout this period.
Aquatics were at their lowest at this time (18% mean), with a
single peak in Potamogeton-type occurring at ca. 2500 cal yr BP and some Typha
latifolia-type present.
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Discussion
Fire-Vegetation-Climate Interactions
Early Holocene
The early Holocene portion of the Long Lake record is short, with less than 2000
years represented (ca. 9870 cal yr BP to 8000 cal yr BP). The site may have formed
earlier than this, but it is likely that the whole lake history is represented given that the
lake seems to be the result of mass wasting and not of a glacial origin. Fire episodes,
which may include one or more fires that happen close together in time (Long et al.,
1998), appear to have been infrequent in the Long Lake watershed during the early
Holocene (Figure 5G). This is similar to Sunrise Lake on the east side of Mount Rainier,
which also experienced few fire episodes ca. 10,000-8000 cal yr BP (Figure 5H), but
contrasts with the regional fire record for the PNW, which indicates high fire activity at
numerous sites during this period (Figure 5A; Walsh et al., 2015; Whitlock and Bartlein
2003). This low frequency of fire episodes may also have been the result of low temporal
resolution of the record during this period (sedimentation rate is slowest in this part of the
record), decreasing CharAnalysis’ ability to separate charcoal peaks from background
charcoal. This is supported by the low signal-to-noise index observed from ca. 9900-9000
cal yr BP (Figure 3A). The background charcoal influx shows that fires were occurring,
but the influx peaks (Figure 3E) are less discrete than during the middle and late
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Figure 5. (A) PNW regional biomass burning curve with 95% confidence intervals for 34
sites (Walsh et al., 2015), (B) July insolation anomaly curve at 45°N (Berger and Loutre,
1991), (C) ENSO variability (Moy et al., 2002), (D) tree and shrub pollen percentage for
LOL14C, (E) herbaceous pollen percentage for LOL14C, (F) aquatics and semi-aquatics
percentage for LOL14C, (G) fire episodes (plus signs), fire frequency (red line) and
CHAR (black curve) for LOL14C, (H) fire episodes (plus signs), fire frequency (red line)
and CHAR (black curve) for Sunrise Lake core UL11D.
Holocene, indicating that fires were likely small or of low severity.
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In the PNW the early Holocene was warmer and drier than the middle or late
Holocene, with decreased water levels recorded in many water bodies (Fulkerson, 2012).
This was likely caused by high summer insolation due to perihelion occurring during the
summer in the early Holocene (Figure 5B; Bartlein et al., 1998; Whitlock and Bartlein,
1993). These drier conditions led to more xeric vegetation and open woodlands
(Fulkerson, 2012). At Long Lake, Alnus (either Alnus sinuata or A. incana) and shrubs
such as Artemesia, Rosaceae and Ceanothus dominated the vegetation, along with a high
abundance of herbaceous plants, such as Pteridium aquilinum and Cyperaceae (likely
Carex geyeri). Alnus, Pteridium aquilinum, and Carex geyeri are highly indicative of
frequent disturbance and warm summer temperatures (Franklin and Dyrness, 1988;
Lillybridge et al., 1995). The high amount of shrub pollen in the early Holocene supports
the conclusion that this area was a woodland environment, with frequent disturbance
(Pritchard et al., 2009; Walsh et al., 2015; Whitlock et al., 2000). Alnus is especially
prone to establishing in frequently disturbed areas before other long-lived species become
dominant (Parish et al., 1996). It also prefers moist sites (Franklin and Dyrness, 1988;
Parish et al., 1996; USFS, 1996; Whitlock et al., 2000) and is often a pioneer species after
fires (Arno and Allison-Bunnell, 2002; NRCS, 2009).
Higher amounts of Cupressaceae pollen during this period could be attributed to
western juniper (Juniperus occidentalis) pollen from lower elevations (Minckley and
Whitlock, 2000). There is also a high amount of Artemisia pollen during this period,
possibly indicating the forest-steppe transition zone may have extended to higher
elevations than at present (Franklin and Dyrness, 1988). An increase in Pinus, Abies and
Dryopteris (wood ferns), and Cystopteris (fragile ferns) near the end of the early
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Holocene suggest the landscape was becoming more forested (Walsh et al., 2015;
Whitlock et al., 2000; Whitlock, 1992). The lithology of the LOL14C core during the
early Holocene, particularly the presence of some peat and high organics, indicates Long
Lake may have been an emergent wetland and not a lake at this time. Closed system
water bodies with no substantial inlets or outlets, such as Long Lake, are very dependent
on climate for maintaining water levels (Steinman et al., 2016), making it all the more
likely that site experienced drying as the result of the prevailing climatic conditions.
Middle Holocene
Fire activity in the Long Lake watershed was low for the first two thousand years
of the middle Holocene before a major increase after ca. 6000 cal yr BP (Figures 3 and
5G). This coincides with an increase in biomass burning at low- to high-elevation sites in
the PNW (Walsh et al., 2015), although not at Sunrise Lake (Figure 5H). Fire episodes
more than quadrupled at Long Lake, with fire frequency and MFRI both doubled in the
late middle Holocene as compared to the early Holocene (Table 2). Given the timing of
these changes, it is likely that the increase in fire activity was caused by a shift in
vegetation at the site and an increase in the amount of burnable biomass. The climate
during the middle Holocene was generally cooler and wetter than during the early
Holocene, but summers were still drier and winters wetter than at present (Chase et al.,
2008; Steinman et al., 2016; Whitlock et al., 2000). The seasonal disparity allowed for
the accumulation of biomass (fuel) followed by substantial fire activity during the fire
season (Pritchard et al., 2009; Walsh et al., 2015). Or perhaps, interannual climate
variability during the middle Holocene such as that caused by El Niño Southern
Oscillation (ENSO), increased the likelihood that lightning strikes ignited fuels that were
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drier due to lower snowpack and increased temperatures during El Niño events (Figure
5C; Moy et al., 2002). Either way, drier summers combined with increased tree
abundance during this period support the idea that an increase in fire activity was likely
caused by a combination of climatic factors and fuel availability/condition.
The increase in fire activity at Long Lake during the middle Holocene may also
be due to a rise in anthropogenic use of fire. Throughout the Cascade Range and the
PNW, fire was used by Native Americans for many reasons such as root crop and berry
cultivation, game driving, and trail clearing up until the time of Euro-American
settlement (Burtchard, 1998; Mack, 2003; Uebelacker, 1986), and increasing populations
throughout the middle to late Holocene would have raised the likelihood that human
ignitions supplemented natural ignitions (Chatters, 1995; Burtchard, 2007). Lightning
strikes, which are generally abundant during summer months in the eastern Cascades,
were the likely primary ignition source for fires at Long Lake during the middle
Holocene (Agee, 1994; Bork, 1984; Johnston et al., 2017); however, human-caused fire,
both accidental and deliberate, cannot be ruled out (USFS, 1996).
The shift in vegetation at the time of the Mazama eruption, or shortly thereafter
(Figure 4) marks the beginning of the establishment of the modern forest environment,
which is generally similar in timing to many other sites in both the eastern Cascades and
the PNW (Haydon, 2018; Mack, 1978; Walsh et al., 2015; Whitlock, 1992). Several taxa
display an abrupt change in abundance at this time; Pinus and Abies replace Alnus, while
Populus, Artemisia, Poaceae, Heracleum, Amaranthaceae, Asteraceae, Lysichiton
americanus, and Potamogeton increased. These shifts indicate a change to generally
cooler, moister climatic conditions and is reflected in the pollen record of the middle
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Holocene with more Pinus, Abies, Poaceae and monolete ferns (Dryopteris, Athyrium and
Cystopteris), while Alnus, shrub and Pteridium aquilinum decreased as the forest closed.
Pinus produces large amounts of pollen, exaggerating its presence on the landscape, thus,
the high abundance during this period was likely in part the result of both upslope and
downslope transport (Brown et al., 2017). Abies, which produces much less pollen
(Mack, 1978), was likely the dominant taxa in the forest overstory after this time, as it is
at present. The increase in Potamogeton near the end of the middle Holocene, as well as
changes in the core’s lithology, indicate that Long Lake had shifted from a wetland to a
lake by this time.
Pseudotsuga/Larix-type, likely Pseudotsuga menziesii, abundance increased
shortly after the increase in shade-tolerant conifer taxa, likely indicating co-dominance in
the forest with Abies. Arceuthobium also increased as the Long Lake area became more
forested. Though the first appearance of Arceuthobium is shortly after Pinus becomes the
dominant tree taxa, its greatest numbers coincide with high amounts of Tsuga
heterophylla and Cupressaceae in the late Holocene. Despite the high amounts of
coniferous pollen in the middle Holocene, the continued presence of Alnus and
Pteridium, and the high CHAR values throughout the period, indicate frequent
disturbance in the area and probably forest openings in which these taxa grew (Franklin
and Dyrness, 1988).
Late Holocene
Fire activity at Long Lake remained high throughout most of the late Holocene;
however, fire frequency began to decrease after ca. 3000 cal yr BP. This is somewhat
opposite to the general trend in biomass burning in the PNW, which continued to increase
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until ca. 900 cal yr BP (Figure 5A; Walsh et al., 2015). The Long Lake trend, however, is
similar to that at Sunrise Lake during the late Holocene; fires were most frequent at both
sites during the late Holocene, fire frequency peaked at ca. 3000 cal yr BP, and then it
generally decreased toward present (Figure 5H; Walsh et al., 2017). The vegetation
assemblage changed little at Long Lake during the late Holocene, so changes in biomass
were likely less important during this period as compared to earlier, which means that
something else was influencing fire activity. In general, the climate of the late Holocene
in the PNW was even cooler and wetter than earlier due to continued decreases in
summer insolation (Figure 5B; Bartlein et al., 1998, 2014; Walker and Pellatt, 2008).
Even so, fires continued to burn frequently in the Long Lake watershed, at least until ca.
500 cal yr BP. This is likely because the ENSO variability that began in the middle
Holocene continued and strengthened into the late Holocene, before decreasing after ca.
1200 cal yr BP (Moy et al., 2002; Walker and Pellatt, 2008). Anomalously dry/drought
years with low snowpack associated with El Niño phases of ENSO likely made it
possible that fires continued to burn, even though overall climatic conditions were cooler
and wetter (Walsh et al., 2015).
Additionally, a cooling period or “neoglacial” occurred at ca. 3000 cal yr BP
associated with glacial advance in the region (Coulthard et al., 2013; Menounos et al.,
2008; Whitlock et al., 2000). This coincides with the increase in Abies, Cupressaceae,
Tsuga heterophylla as well as monolete ferns in the Long Lake record (Figure 4). The
Tsuga heterophylla and Cupressaceae pollen likely originated from higher elevations,
while the consistent presence of Abies indicates it was likely a staple of the forest in the
Long Lake watershed throughout the late Holocene. The decrease in Alnus in the last
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several centuries supports the observation that fire activity decreased in the Long Lake
watershed after ca. 500 cal yr BP, and coincidentally, shade-tolerant conifer taxa
increased both at the site and at higher elevations.
During the last two thousand years, fire activity at Long Lake exhibited
characteristics of both high- and low-elevation fire regimes (Figure 6). Trends in charcoal
influx were more similar between the MEMC forest at Long Lake and the subalpine
forest at Sunrise Lake, particularly during the LIA. The notable decrease in fire activity
associated with LIA, which was generally cool and wet, is especially pronounced in both
records and is one of the strongest documented trends in fire activity in the PNW during
the post-glacial period (Marlon et al., 2012; Walsh et al., 2015). However, the inferred
frequency of fires (the “peakiness of the records”) was more similar between the lowelevation ponderosa pine forests at Fish Lake and the MEMC forests at Long Lake. Both
the Fish Lake and Long Lake records also consisted of considerable amounts of
herbaceous charcoal (although much more so at Fish Lake), whereas it was almost
completely absent from the Sunrise Lake record, indicating more similar fuel sources and
fire severity at Long Lake and Fish Lake (Walsh et al., 2008, 2018). While both the Long
Lake and Fish Lake records also exhibit a fire suppression signal beginning ca. 100 cal yr
BP, the shift in the fire regime at Fish Lake was much more pronounced than at Long
Lake. However, much of the increase in burning in the Fish Lake watershed, particularly
during the LIA, has been attributed to anthropogenic fires, which decreased as native
peoples were removed both forcibly and by disease at the start of Euro-American
settlement (ca. AD 1850; Walsh et al., 2018). Based on the low fire activity at Long Lake
for the last several centuries, human influence on fire activity was either absent or much
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less impactful than in the Fish Lake watershed. There is no evidence of a fire suppression
signal in the Sunrise Lake record, which is understandable given the low fire frequency.
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Figure 6. Charcoal influx comparison of fire activity for the last 2000 years at high-, midand low-elevation sites plotted against age (cal yr BP and years BC/AD). (A) Sunrise
Lake core UL11D (Walsh et al., 2017), (B) Long Lake core LOL14C, (C) Fish Lake core
FL11E (Walsh et al., 2018). Total charcoal concentration is shown by the black curve,
herbaceous charcoal concentration is shown by the green curve. The time periods
associated with the Medieval Climate Anomaly (MCA; 1100-700 cal yr BP) and Little
Ice Age (LIA; 500-100 cal yr BP) are shown by the vertical orange and purple bars,
respectively.
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Conclusions
Both fire activity and the vegetation assemblage at Long Lake varied widely
during the past ~9900 years as the result of climatic shifts and human land use actions
(particularly since Euro-American settlement). Fire activity was generally low in the
Long Lake watershed in the early Holocene and the first half of the middle Holocene,
likely due to a warm dry climate and low amounts of burnable biomass. The low fire
frequency in the early Holocene, particularly between ca. 9900-9000 cal yr BP, may be
the result of CharAnalysis’ inability to identify charcoal peaks (as indicated by SNI
values below 3; Figure 3A) due to the slow sedimentation rate. However, even if fires did
occur more frequently than CharAnalysis suggests, the fires were likely small and of low
severity given the low amounts of charcoal that accumulated into the lake at this time.
Fire activity became much more common in the Long Lake watershed at ca. 6000 cal yr
BP, which was coincident with the establishment of the modern forest as the climate
became cooler and wetter. This increase in fire activity coincides with increased biomass
burning recorded at numerous sites in the PNW and is attributed to higher amounts of
burnable biomass coupled with greater climatic (interannual) variability (Walsh et al.,
2015). It is likely that fires burned at Long Lake during particularly hot/dry summers,
perhaps associated with El Niño years, which has been documented at other sites in the
interior portion of the PNW (Heyerdahl et al., 2002). Fire activity then remained high at
Long Lake into the late Holocene; fires only began to decrease in frequency after ca.
3000 cal yr BP, but remained a constant presence until ca. 500 cal yr BP.
The most recent portion of the Long Lake fire history reconstruction shows a
clear departure from the established fire regime during the previous ~5500 years. Fifty
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fire episodes occurred in the late Holocene, but only a single fire episode was recorded
after 500 cal yr BP (at ca. AD 1850). It is understandable that the LIA caused a drop in
fire activity at Long Lake, as it did at numerous sites across the PNW (Marlon et al.,
2012; Walsh et al., 2015). However, fire likely should have increased again after this
period, but it did not. The lack of fire in the Long Lake watershed during the past ~150
years has most certainly contributed to dense stands of shade-tolerant trees.
The similarities between the Long Lake record and both the high-elevation
Sunrise Lake and low-elevation Fish Lake records indicates that MEMC forests seem to
have intermediate fire regimes both in terms of fire frequency and severity. Both the
Long Lake fire history record and the Sunrise Lake record exhibited more fire activity
during the late Holocene than during any other period of the Holocene, as well as a drop
in fire episodes ca. ~500 cal yr BP associated with the LIA. The Long Lake record also
shared similarities with the Fish Lake record in that fires were a consistent occurrence on
the landscape, as well as a noticeable fire suppression signal beginning at ca. ~100 cal yr
BP at both sites, though the fire frequency as well as the fire suppression signal were
more pronounced at Fish Lake than at Long Lake.
Many forests throughout the PNW have clearly been altered in terms of their fire
regimes and forest structure and composition, and we are only beginning to fully
understand the impact this has on the resiliency of these forests (Everett et al., 2000;
Stine et al., 2014). It is well documented that the change in fire regimes has affected the
lower elevation forests of the eastern Cascades (Everett et al., 2000; Walsh et al., 2018).
It is now clear from our results that the fire regimes of MEMC forests in the eastern
Cascades, such as those in the Long Lake watershed, have also been influenced by 20th
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century fire suppression and other land management policies. With a late Holocene MFRI
of ~80 years and an absence of fire in the Long Lake watershed for the last ~150 years,
time is of the essence for identifying effective fire management strategies and applying
them to the landscape.
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CONCLUSIONS
The purpose of this research was to provide a record of the long-term fire activity
and vegetation history for a moist mid-elevation mixed-conifer (MEMC) forest in the
eastern Cascades of Washington. Macroscopic charcoal analysis of the Long Lake
sediment core was used to reconstruct the fire history, and pollen analysis was used for
the vegetation reconstruction. To meet the goals of this research, several research
questions were developed. Those questions and the conclusions based on this research
follow.
The specific research questions for this study are:
1. How have the Long Lake fire and vegetation histories varied during the past
~9,900 years?
The fire history reconstruction of the Long Lake watershed showed a substantial
difference in fire activity between the early Holocene and the first half of the middle
Holocene compared to the second half of the middle Holocene and the late Holocene.
Fire activity was low from the beginning of the record, ~9900 cal yr BP until ca. 6000 cal
yr BP. After ca. 6000 cal yr BP, fire activity remained consistently high until ca. 500 cal
yr BP, after which time fire activity decreased. Charcoal concentrations (Table 10) varied
little during the Holocene. However, charcoal accumulation rates and fire frequency were
higher after ca. 6000 cal yr BP.
The vegetation at Long Lake shifted from a woodland environment with frequent
disturbance in the early Holocene, to a forest environment beginning ca. 6000 cal yr BP,
as indicated by an increase in Abies, Tsuga heterophylla, Cupressaceae and Picea
abundance at that time. Alnus and Pinus were in high abundance through the entire
68

record, with Abies abundance increasing shortly after the deposition of the Mazama
tephra. Abies remained present at fairly consistent abundance in the record for the
remainder of the Holocene, indicating it maintained a continuous presence in the forest at
Long Lake for thousands of years.
2. How have climate variability, and possibly human actions (particularly since
Euro-American settlement) influenced the fire and vegetation history of the
Long Lake watershed?
Climate has influenced the fire and vegetation histories at Long Lake in several
ways. First, climate at Long Lake in the early Holocene was warm and dry, vegetation
was primarily open woodlands with shrubs, and fire activity was low. As summer solar
insolation anomaly decreased into the middle Holocene, climate became cooler and
wetter. ENSO variability increased ca. 6000 cal yr BP, leading to more frequent drought
years and longer fire seasons, even though climatic conditions were cool and wet.
Combined with an increase in biomass at ca. 6000 cal yr BP, fires became much more
common in the Long Lake fire record. This increase in burning may also have had
contributions from anthropogenic use of fire. The cooling trend of the middle Holocene
continued into the late Holocene, but fire activity remained constant at Long Lake until
the LIA at ca. 500 cal yr BP. At this time fire activity decreased, with only a single fire
event occurring since 500 cal yr BP at ca. 100 cal yr BP. A fire suppression signal
appears to follow the 100 cal yr BP fire event, and can be linked to an increase in grazing,
homesteading, mining and timber extraction associated with Euro-American expansion in
the area.
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3. How does the Long Lake fire history compare to sites both at higher and
lower elevation in the eastern Cascades? Are the observed fire regimes for this
MEMC forest intermediate to those observed at higher and lower elevations?
The last 2000 years of Long Lake fire history reconstruction was compared to a
high-elevation fire history reconstruction at Sunrise Lake on Mount Rainier, and a lowelevation fire history reconstruction at Fish Lake in the Sinlahekin Wildlife Area. The
Long Lake record exhibits characteristics of the fire regimes of both forest types. Long
Lake and Sunrise both share a noticeable decrease in fire activity beginning ca. 500 cal yr
BP associated with the LIA. The Fish Lake and Long Lake records both exhibit “peaky”
influxes of charcoal, notable amounts of herbaceous charcoal, and a fire suppression
signal beginning ca. 100 cal yr BP, though the fire suppression signal is much more
pronounced at Fish Lake than at Long Lake. The Sunrise Lake record is dissimilar in that
it has no herbaceous charcoal, and does not exhibit a fire suppression signal. The MEMC
fire history reconstruction appears to be intermediate between the high severity,
infrequent fires at Sunrise Lake, and the low severity, frequent fires at Fish Lake.
4. Based on the Long Lake fire and vegetation history reconstructions, what
management recommendations can be made in order to help restore forest
resiliency?
The MEMC forest at Long Lake seems to have fire regimes more comparable to
low-elevation than high-elevation forests. Managing these forests using strategies
designed for low-elevation forests, such as thinning and prescribed burning, would likely
increase the resiliency of MEMC forests to future fires and other disturbances such as
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disease and pest outbreaks. Additional research in a variety of MEMC forests in the
eastern Cascades of Washington would continue to fill the research gap in these
understudied forests, as well as aid both land managers and researchers in understanding
the effect 20th century land management practices and climate change have had on these
forests. Most importantly, the Long Lake fire history reconstruction shows a clear
departure in the last ~500 years from the fire regime that dominated this landscape for
nearly 6000 years. Additional long term fire history reconstructions in MEMC forests in
the eastern Cascades may be able to identify if this is a feature of eastern Cascade fire
reconstructions, or a localized trend unique to the Long Lake watershed.
Future Research
This research could be improved in several ways. Due to the slow sedimentation
rate during the early Holocene, additional pollen samples from that period would provide
a more detailed pollen record with a better distribution of samples. This additional detail
may help explain why fire activity in the early Holocene near Long Lake seems to be
lower than in other long term fire history reconstructions in the PNW. Additional fire
history reconstructions using macroscopic charcoal analysis in the eastern Cascades in
Oregon would complement the short-term dendrochronological fire studies that have
already been done in the area, as well as extend the transect of eastern Cascades longterm fire history studies south into Oregon. This would also provide a better
representation of fire regimes in the PNW as forests east of the Cascade crest are
underrepresented in the regional summary of fire history in the PNW. More research into
the management strategies of the different government agencies that manage these forests
would also provide valuable insight into the effectiveness of management policies in a
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variety of forest types.
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